␥-Aminobutyric acid type A (GABA A )
2 receptors (GABA A Rs) are responsible for the majority of fast inhibitory synaptic transmission in the central nervous system and are, consequently, critical to the proper functioning of a number of neural networks, including those involved in sleep and pain sensation (1, 2) . Many exogenous and endogenous allosteric modulators, such as general anesthetics and neurosteroids, enhance the activation of GABA A Rs by GABA and can also directly activate these receptors at higher concentrations (3, 4) . Indeed, many of the behavioral effects associated with these compounds, including sedation and analgesia, have been linked to altered GABA A R function (4, 5) .
A key component to understanding GABA A R function and modulation is identification of the underlying structural correlates. GABA A Rs are members of the Cys-loop ligandgated family of receptors, which includes nicotinic acetylcholine (nACh), 5-hydroxytryptamine (5-HT) 3 , and glycine receptors, all of which share similar structural characteristics (6) . In particular, receptors in this family are formed by the pentameric assembly of subunits, with the most common GABA A R stoichiometry being (␣1) 2 (␤2) 2 (␥2) 1 (7) . Despite the diversity of pharmacological properties associated with specific subunit incorporation, all subunits have similar structural components, with extracellular, transmembrane, and intracellular domains (7) . The neurotransmitter binding sites are formed by the extracellular domains, located at the ␤/␣ interfaces for GABA A Rs. The binding sites of positive allosteric modulators have been located in both extracellular and transmembrane subunit interfaces (8 -14) . Even though the binding sites for a number of agonists have been localized, the structural elements that couple agonist binding to channel opening are not clearly defined.
One region of the Cys-loop receptors that has been implicated as an important structural element in channel activation is Loop 9 (alternatively, Loop F or the ␤8-␤9 loop) within the extracellular domain. Structural models predict that Loop 9 is close to the transmembrane region, ideally positioned to couple ligand binding to channel opening (15) , and chimera studies indicate that this loop is required for formation of functional receptors (16, 17) . In ␣1␤2 GABA A Rs, Loop 9 of the ␣1-subunit undergoes structural rearrangements upon activation by pentobarbital (18) . Similarly, mutations within ␥2 Loop 9 of ␣1␤2␥2L GABA A Rs alter benzodiazepine (BZD) efficacy, affecting the ability of diazepam, flurazepam, and zolpidem to potentiate submaximal GABA responses, without affecting BZD binding (19, 20) .
Because Loop 9 of the ␣-and ␥-subunits is important for transducing ligand binding to channel opening, we used Alascanning mutagenesis to determine if Loop 9 of the ␤2-subunit plays a role in gating ␣1␤2␥2S GABA A Rs. Even though Loop 9 of the GABA A R ␤2-subunit is located at a non-GABA binding interface, our results suggest that several residues within this region are important for conferring agonist sensitivity. Furthermore, mutations at one residue, ␤2(Q185), gave rise to a PTXblockable leak current and enhanced activation by GABA, propofol, and pregnanolone, suggesting that this residue is important for stabilizing the closed state of the receptor.
EXPERIMENTAL PROCEDURES
Mutagenesis and Expression of GABA A R Subunit cDNAHuman ␣1, rat ␤2, and human ␥2S GABA A R subunit cDNAs in the pCIS2 expression vector were a gift from Neil L. Harrison, Ph.D., Professor, Department of Anesthesiology, Columbia University, New York, NY. Site-directed mutagenesis was performed to introduce point mutations in the ␤2-subunit cDNA using the QuikChange kit (Stratagene, La Jolla, CA) and confirmed by DNA sequencing of the complete insert.
Wild-type or mutant cDNAs were transiently expressed in HEK 293 cells using a calcium phosphate transfection technique (21) . Cells were transfected with 2.5 g each of GABA A R ␣1-, ␥2S-, ␤2-, or mutant ␤2-subunits along with 2.5 g of an adenosine-associated virus green fluorescent protein (GFP) cDNA to enable identification of transfected cells. HEK 293 cells were maintained in culture (37°C and 5% CO 2 ) on poly-Dlysine-treated glass coverslips in a solution containing Eagle's minimum essential medium supplemented with 5% fetal bovine serum (Hyclone, Logan, UT), L-glutamine (0.292 mg/ml), penicillin G sodium (100 units/ml), and streptomycin sulfate (100 mg/ml). After 24 h of exposure to precipitate, HEK 293 cells were washed with culture medium. Electrophysiological studies were performed 24 -72 h after washing.
Electrophysiological Procedures and Analysis-Whole cell patch-clamp experiments were performed on fluorescing HEK 293 cells under constant perfusion with an external bathing solution (160 mM NaCl, 3 mM KCl, 1 mM MgCl 2 , 1.5 mM CaCl 2 , 10 mM HEPES, 6 mM D-glucose, adjusted to pH 7.4 with HCl). Patch pipettes were filled with an intracellular solution (1 mM MgCl 2 , 5 mM CsCl, 1 mM CaCl 2 , 1.1 mM EGTA, 147 mM N-methyl-D-glucamine, 5 mM K 2 ATP, 5 mM HEPES, adjusted to pH 7.2 with HCl) and had resistances of 1-4 M⍀ in the external bathing solution. Whole cell currents were recorded at a holding potential of Ϫ60 mV using a MultiClamp 700B amplifier. Stock solutions of GABA were prepared in water, picrotoxin was prepared in external bathing solution, and propofol (2,6-di-isopropylphenol) and pregnanolone (3␣-hydroxy-5␤-pregnan-20-one) were prepared in dimethyl sulfoxide. All drugs were obtained from Sigma, and all final dilutions were prepared fresh daily in the external bathing solution. Both propofol and pregnanolone were diluted such that the final concentration of dimethyl sulfoxide was Յ 0.04% (v/v), which does not affect GABA A R currents (22) . All compounds were applied to the cells using a motor-driven solution exchange device (Rapid Solution Changer RSC-160; Molecular Kinetics), with which complete solution exchange was achieved in ϳ100 -200 ms. Currents were low-pass filtered (100 Hz) and digitized with a 1322A interface (Molecular Devices) using pClamp 9.2.
To measure GABA sensitivity, GABA (0.1 M -10 mM) was applied via the motor-driven solution exchanger for 2 s with a 10-s washout between successive applications. Longer washout periods were tested to ensure that accumulated desensitization did not affect the results. The peak current response to each GABA concentration was recorded. Concentration-response curves were generated for each recombinant receptor. The ability of propofol (0.5 or 2 M) and pregnanolone (100 or 500 nM) to directly activate the receptors and to potentiate an EC 20 GABA response was also measured. Specifically, potentiation was measured as the percent increase in the current response to co-application of the modulator and an EC 20 of GABA relative to a control EC 20 response. Modulators were pre-applied for 3-10 s before co-application, and an EC 100 GABA response was also measured for each experiment to ensure that the analysis only included potentiation of EC 15 -EC 30 GABA responses. The percent potentiation was calculated as (I ModϩEC20GABA Ϫ I Mod Ϫ I EC20GABA )/I EC20GABA ϫ 100, where I ModϩEC20GABA is the peak current after pre-application and co-application of the modulator with an EC 20 of GABA, I Mod is the peak current response from the 3-10 s preapplication of modulator alone and I EC20GABA is the peak current elicited by an EC 20 of GABA. Direct activation is defined as I Mod /I max ϫ 100, where I max corresponds to the EC 100 GABA response for each experiment. The propofol concentration (2 M) used in most of the experiments corresponds to the clinically relevant anesthetic EC 50 (22) , and the pregnanolone concentration (500 nM) corresponds to the GABA A R EC 50 for direct activation (data not shown). Lower modulator concentrations were also tested on select receptors to ensure that the potentiation results were not confounded by a ceiling effect.
Finally, picrotoxin (PTX) responsiveness was measured by applying 2 mM PTX for 3 s after recording baseline/leak activity for 3 s. The response to an EC 100 of GABA was also recorded for each experiment. Subsequently, the percent of leak current reduction by PTX (% PTX) was calculated by (I PTX Ϫ I leak )/ (I PTX Ϫ I max ) ϫ 100, where I leak and I PTX are the average and maximal currents in the 3 s prior to and during PTX application, respectively. For all experiments, statistical significance was assessed using a one-way analysis of variance (ANOVA) followed by a Dunnett's post-hoc test (SPSS, SPSS Inc., Chicago, IL). , and Gln 185 ), co-expressed with GFP, wild-type ␣1-and ␥2S-subunits in HEK 293 cells and assayed for functionality using whole cell voltage-clamp measurements. Expression of all mutant subunits resulted in fluorescing cells with GABA-activated chloride current. Full GABA concentration-response relationships were used to compare receptor activity (Fig. 2) . Three mutations significantly increased the GABA EC 50 ; mutants G170A, V175A, and G177A resulted in 2.5-, 6.7-, and 5.6-fold EC 50 increases relative to wild-type (EC 50 ϭ 47.6 Ϯ 5.0 M) ( Table 1) . Although not sta-tistically significant, the mutant Q185A produced a 5.2-fold reduction in GABA EC 50 compared with wild-type. None of the mutations significantly altered the Hill coefficient for GABA activation.
RESULTS

Expression and Functional Characterization of Ala Mutations-Alanine
Effect of Ala Mutations on Direct Activation and Potentiation of GABA Responses by Propofol and
Pregnanolone-To determine the importance of the ␤2 Loop 9 region in allosteric modulation of the GABA A R, the percent activation and potentiation of an EC 20 GABA-activated current by 2 M propofol and 500 nM pregnanolone was measured for all 15 Ala mutations. All mutant receptors retained sensitivity to both propofol and pregnanolone, exhibiting some degree of direct activation and potentiation of an EC 20 GABA response (Fig. 3) . One mutant, Q185A, showed significant 8.3-and 3.5-fold enhancement of Black bars indicate the timing of GABA application, and the numbers indicate the M GABA concentration. B, concentration-response relationships for the data shown in A. Raw data were normalized to the maximum GABA-elicited current for each experiment and are shown as the mean Ϯ S.E. of at least eight experiments. EC 50 values and Hill coefficients were determined by a fit of these data to the Hill equation (see "Experimental Procedures"), and Table 1 contains values for all Ala mutations. ␤2 Loop 9 Participates in GABA A Receptor Gating MARCH 5, 2010 • VOLUME 285 • NUMBER 10 propofol and pregnanolone direct activation compared with wild-type (propofol ϭ 2.1 Ϯ 0.5%; pregnanolone ϭ 8.3 Ϯ 1.1%) (Fig. 4 and Table 2 ). There were no significant differences in the percent potentiation.
Because the potentiated currents of the Q185A mutant were close to the maximum GABA-elicited current (Fig. 4) , the wildtype and Q185A measurements were repeated with lower modulator concentrations (0.5 M propofol and 100 nM pregnanolone) to ensure that the potentiation was not truncated. As with the higher concentrations, direct activation was significantly increased in the Q185A mutant (propofol ϭ 3.9 Ϯ 0.9%; n ϭ 5; pregnanolone ϭ 12.8 Ϯ 1.4%; n ϭ 6) compared with wild-type (propofol ϭ 0.4 Ϯ 0.1%, n ϭ 5; pregnanolone ϭ 1.0 Ϯ 0.2%, n ϭ 5), but there were no significant differences in potentiation (Q185A: propofol ϭ 69 Ϯ 19%, n ϭ 5; pregnanolone ϭ 204 Ϯ 58%, n ϭ 6; wild-type: propofol ϭ 105 Ϯ 14%, n ϭ 5; pregnanolone ϭ 224 Ϯ 37%, n ϭ 5).
Spontaneous Openings in Mutant ␤2(Q185A) Receptors-In addition to increased sensitivity to direct activation by propofol and pregnanolone, mutant Q185A receptors had a 1.7-fold greater leak current (I leak ϭ Ϫ116 Ϯ 37 nA, n ϭ 10) compared with wild-type receptors (I leak ϭ Ϫ67 Ϯ 13 nA, n ϭ 11). The GABA A R blocker PTX (2 mM) reduced the leak current of Q185A-containing receptors by 0.57 Ϯ 0.17% of the maximum GABA-activated current (Table 2 and Fig. 5 ). Comparatively, there was no discernable reduction in the leak current of wildtype receptors upon PTX application. Together, this suggests that the Q185A mutation increases the number of spontaneous, unliganded open GABA A Rs.
Characterization of Additional Amino Acid Substitutions at ␤2(Q185)-To gain insight into the role of residue ␤2(Q185) during normal receptor function, we introduced three additional mutations at this site: Q185E, Q185L, and Q185W. These substitutions were chosen to investigate the importance of side chain size and hydrogen bonds on receptor activity. Similar to the Ala mutation, Q185L-containing receptors exhibited statistically significant 6.0-and 4.8-fold increases in direct activation by propofol and pregnanolone, respectively, compared with wild type (Table 2) . A PTX-blockable leak current was evident in all three mutants, but the percent of leak current reduction was only statistically significant in Q185L-containing receptors, where PTX reduced the leak current by 0.91 Ϯ 0.29% of the maximum GABA response (Fig. 5 and Table 2 ). GABA concentration-response curves for all three mutants yielded no statistically significant differences compared with wild type; however, the Q185L mutant was similar to Q185A, with a 11.3-fold reduction in GABA EC 50 (Table 2) .
Although the GABA EC 50 values of the ␤2(Q185) mutants were not significantly different from wild type, they were correlated to several experimental metrics (Fig. 6, A-C) . In particular, the GABA EC 50 was negatively correlated with the apparent PTX current, pregnanolone direct activation and propofol direct activation. In addition, the GABA EC 50 was highly correlated with the hydropathy (23) of the amino acid substituted at ␤2(Q185) but not with the volume (24) or polarity (25) (Fig. 6,  D-F) .
DISCUSSION
Previous studies indicate that Loop 9 within the extracellular domains of both the ␣ and ␥ GABA A R subunits is involved in transducing ligand binding to channel opening (18 -20) . To determine if Loop 9 of the ␤2-subunit may play a similar role, we performed a site-directed mutagenesis study, assaying individual mutants for their responsiveness to GABA, propofol, pregnanolone, and picrotoxin. Overall, our results indicate that the ␤2Gly 170 -Gln 185 region is important for gating the receptor FIGURE 4. Direct activation and potentiation of GABA-activated Cl ؊ currents in wild-type ␣1␤2␥2S and mutant ␣1␤2(Q185A)␥2S receptors by A, 2 M PRO, and B, 500 nM PREG. Bars above the current traces indicate the duration of agonist application, with the gray and black bars corresponding to GABA and modulator application, respectively. GABA EC 20 and EC 100 were calculated from the concentration-response data summarized in Table 1 . Percent PRO and PREG direct activation and potentiation for all Ala mutants is summarized in Fig. 3 .
TABLE 2
Effect of amino acid substitution at ␣1␤2(Q185)␥2S on the activation and modulation of receptor current GABA EC 50 values and Hill coefficients (nH) were determined from fits of the Hill equation to normalized current responses. The apparent PTX and leak (I leak ) currents as well as the PRO and PREG direct activation (DA) measurements are reported as percentages of the maximum elicited GABA current (I max ) for each experiment. Data represent the mean Ϯ S.E. for (n) cells. ␤2 Loop 9 Participates in GABA A Receptor Gating in response to neurotransmitter binding and that Gln 185 is important for stabilizing the closed state of the receptor.
To investigate the functionality of ␤2 Loop 9 in GABA A R activation, we first performed an Ala scan of this region. By substituting with Ala, we assumed that the specific side-chain interactions were eliminated but that the backbone conformation of the protein was unaffected (26) . Our results indicate that ␤2 Loop 9 is important for GABA activation. Specifically, Ala substitution at three residues in the GABA A R ␤2 subunit, G170A, V175A, and G177A, significantly increased the GABA EC 50 . Altered apparent GABA affinity can be caused by changes in binding affinity, channel gating, or a combination of both (27) . However, because Loop 9 of the GABA A R ␤2-subunit is located at the non-GABA binding site interface, it is unlikely that the observed EC 50 effects are due to rearrangement of the GABA binding site. Instead, the altered apparent GABA affinity is likely due to an increased efficacy of channel gating.
The significant shift in GABA EC 50 observed for several ␤2 Loop 9 mutants indicates that structural components spatially removed from the ligand binding site can affect receptor activation. Previous experiments provide further evidence that spatial coupling across long distances is possible in GABA A Rs. For instance, cysteine accessibility studies have shown that GABA binding to ␣1␤2␥2S receptors can induce structural rearrangements in the extracellular ␣/␥ interface and that benzodiazepine binding at the extracellular ␣/␥ interface can induce structural movements at the extracellular ␣/␤ interface (28) . Fluorescent labeling studies have also shown that GABA binding induces movement of Loop E on the non-GABA binding interface of the ␤2-subunit in ␣1␤2 receptors (29) . Our results suggest that GABA binding may also induce movement of Loop 9 on the analogous interface in ␣1␤2␥2S receptors.
Because several ␤2 Loop 9 mutations altered GABA sensitivity, we compared the ability of two allosteric modulators, propofol and pregnanolone, to activate all Ala mutants.
In doing so, we sought to determine if the role of ␤2 Loop 9 in GABA A R activation is specific to GABA-initiated openings. Only one Ala mutation, ␤2(Q185A), significantly affected the actions of these two compounds, dramatically increasing their ability to directly activate the receptor. Because Loop 9 is spatially distinct from the proposed binding sites of these two agonists in the ␣-and ␤-subunit transmembrane domains (11) (12) (13) (14) , the increase in direct activation is likely caused by changes in gating efficiency. Coupled with the modest decrease in GABA EC 50 introduced by the Q185A mutation, this result indicates that ␤2(Q185) may play a similar role in transducing activation by GABA, propofol, and pregnanolone. A previous study indicates that activation by GABA and general anesthetics induces similar structural movements of the transmembrane domain (TM) 2 region (30), but a comparable technique showed distinct N terminus and TM2 movements upon activation by the barbiturate pentobarbital and GABA (31) . Along with further structural studies, it would be interesting to use rate equilibrium linear free energy analysis to compare the predicted loca- tion of ␤2(Q185) along the closed to open pathway when different agonists are used to initiate receptor activation (32) .
Although receptors with the ␤2(Q185A) mutation exhibited enhanced direct activation by both propofol and pregnanolone, this mutation did not affect the ability of either modulator to potentiate submaximal GABA responses. There are other examples where the abilities of propofol and neurosteroids to potentiate and directly activate GABA A Rs have been uncoupled. For example, ␣4␤1␥2 GABA A Rs show propofol potentiation but not direct activation (33) . A mutation in TM2, ␣2␤1(S265I), markedly reduced propofol direct activation but did not significantly affect GABA potentiation (34) whereas a mutation in TM3, ␣1␤2(M286W)␥2S, was associated with the opposite effect (11) . Similarly, TM1 substitutions ␣1(T236I)␤2␥2S and ␣1(C233W)␤2␥2S as well as TM3 substitution ␣1␤2(Y284F)␥2S reduced direct activation of GABA A Rs by neurosteroids without affecting submaximal GABA potentiation (13) . In addition to these functional assays, several cysteine accessibility studies indicate that the TM2 segment of GABA A Rs undergoes distinct structural rearrangements during direct activation and potentiation by propofol (30, 35) . Even though previous work has focused on the transmembrane domains, our results suggest that direct activation and potentiation by propofol and pregnanolone may also elicit distinct N terminus movements. Studies that specifically measure protein movement are, however, necessary to verify this finding.
In addition to enhancing the ability of several modulators to directly activate the receptor, the ␤2(Q185A) mutation significantly increased the leak and apparent PTX currents, suggesting an increase in the resting open probability of the mutant receptor. Mutations at several structural locations within GABA A Rs give rise to spontaneously active receptors. A majority of these residues are located within TM2 and, as with the ␤2(Q185A) mutation, are associated with an increased leak current along with a decreased GABA EC 50 (36 -38) . However, a mutation in ␤-sheet 7 of the extracellular domain, ␣1␤2(E155C), also increased the probability of spontaneously open receptors (39) . Taken together with this study, it appears that the extracellular domain of the ␤-subunit is an important region in conferring gating efficiency and, more specifically, for stabilizing the closed state of the GABA A receptor.
To further characterize the physiochemical amino acid properties that are important at the ␤2(Q185) position for GABA A R activation, Q185L, Q185W, and Q185E mutants were assayed for their responsiveness to GABA, propofol, pregnanolone, and picrotoxin. In all mutants, a decrease in GABA EC 50 was correlated with an increase in spontaneous receptor activity and with an increase in direct activation by propofol and pregnanolone. The most dramatic effects were observed with the Leu and Ala mutations, which eliminated all side-chain hydrogen bonds. Comparatively, the Glu and Trp substitutions, which introduced more modest electrophysiological changes, reduced the wild-type hydrogen donor capability by one. The importance of side-chain interactions at ␤2(Q185) is further suggested by the apparent tolerance of backbone distortions at this position, which were likely introduced by the Trp substitution. Moreover, the GABA EC 50 values of the ␤2(Q185) mutants were correlated with the hydropathy of the substituted amino acid but not with molecular volume or polarity. Specifically, a more hydrophobic amino acid was associated with a decrease in the GABA EC 50 . The predicted spatial proximity of ␤2 Loop 9 to the pre-M1 region of the same subunit and to Loop 2 of the adjacent subunit (␣1 or ␥2S), as shown in Fig. 1B , makes these regions likely candidates for intra-or intersubunit hydrogen bond pairings. There is precedence for molecular interactions between Loop 9 and the pre-M1 region in Cys-loop receptors. In 5-HT 3 receptors, it has been suggested that a charge interaction between the Glu 215 in Loop 9 with Arg 246 in the pre-M1 region is involved in the gating process (40) . Similarly, our results suggest that increased hydropathy at ␤2(Q185) eliminates or weakens molecular interactions that are important for stabilizing the closed state of the GABA A receptor.
The receptor dysfunction associated with mutating homologous ␤2(Q185) positions within the Cys-loop family underscores the importance of this residue. In the neuronal nicotinic acetylcholine receptors, the ␣7(E172) position is important for modulating the effects of calcium on current amplitudes and agonist affinity, where an ␣7(E172Q) mutation eliminates these effects (41, 42) . In GABA C R homomers, a 1(Q226C) substitution decreases GABA efficacy (43) . Furthermore, the ␣1(Q189C)␤2 mutation prevents expression of functional GABA A receptors (18) . Thus, this study and others indicate that Loop 9, and particularly the Q185 position, is important for transducing activation and modulation of Cysloop receptors.
